Abstract. Cell membrane fluctuations (CMF) of human erythrocytes, measured by point dark field microscopy, were shown to depend, to a large extent, on intracellular MgATP (Levin, S.V., and R. Korenstein. 1991. Biophys. J. 60:733-737). The present study extends that investigation and associates CMF with F-actin's ATPase activity. MgATP was found to reconstitute CMF in red blood cell (RBC) ghosts and RBC skeletons to their levels in intact RBCs, with an apparent K d of 0.29 mM. However, neither non-hydrolyzable ATP analogues (AMP-PNP, ATP ␥ S) nor hydrolyzable ones (ITP, GTP), were able to elevate CMF levels. The inhibition of ATPase activity associated with the RBC's skeleton, carried out either by the omission of the MgATP substrate or by the use of several inhibitors (vanadate, phalloidin, and DNase I), resulted in a strong decrease of CMF. We suggest that the actin's ATPase, located at the pointed end of the short actin filament, is responsible for the MgATP stimulation of CMF in RBCs.
M ovements of the cell surface are a common characteristic property of animal cells. Recently, a non-locomotive process, consisting of reversible submicron fluctuations of the cell membrane surface in the frequency range of 0.3-30 Hz has been described to be possessed by various cells. These cell membrane fluctuations (CMF) 1 have been observed in different cell types including red blood cells (RBCs) (Krol et al., 1990 , Peterson et al., 1991 ., Tuvia et al., 1992 a , Strey et al., 1995 monocytes, lymphocytes, 3T6 fibroblasts, cardiomyocytes (Krol et al., 1990) , and murine lymphoma B and T cells (Mittelman et al., 1991 (Mittelman et al., , 1994 . CMF consist of local ( ‫ف‬ 0.25 m 2 ) out-of-plane cell surface displacements (20-300 nm), which reflect the local bending deformability of the cell surface. CMF were shown to be directly correlated with the efficiency of filterability of white and red blood cells through pores smaller than their dimensions (Tuvia et al., 1992 b ; Zamir et al., 1992; Mittelman et al., 1994) . A higher level of CMF and cell filterability was found in T lymphoma cells possessing a high metastatic potential than in their non-metastatic subclones (Mittelman et al., 1994) . CMF in RBCs have, so far, been viewed as thermal fluctuations of the membrane-skeleton complex (Strey et al., 1995) . In an attempt to examine whether surface fluctuations are dependent on metabolic energy, we have previously shown that CMF of RBCs depend, to a large extent, on intracellular MgATP . The effect of MgATP on CMF was examined in several types of RBC ghosts showing that CMF can be reconstituted to the same levels as in intact RBCs, in the presence of MgATP. Moreover, the recent observation that CMF energy is attenuated by the medium's macroviscosity, suggests that CMF are driven by a metabolic, in addition to a thermal source (Tuvia et al., 1997) . The present study extends our previous examination of the effect of intracellular MgATP on CMF and associates CMF with F-actin's ATPase activity.
croscopic observation, that the cells' shape did not change from their biconcave shape.
Preparation of non-resealed RBC ghosts was carried out using a procedure similar to the one described for the preparation of RBCs up to the step where RBCs were attached to the coverglass. Hemolysis of the RBCs was performed by perfusing the chamber with 50 l of 0.0075% saponin in PBS for 30 s, and then washing out the saponin by adding 150 l of "KCl solution" (130 mM KCl, 20 mM K/Na phosphate buffer, 10 mM glucose, 0.2 mM PMSF, 1 mg/ml BSA, pH 7.8). To determine the size of the holes produced in the membrane of RBC ghosts, after exposure to saponin, intact RBCs were loaded, at first, with 486-kD Dextran-FITC. The incorporation of this fluorescent molecular probe was carried out by subjecting intact RBC suspension to a train of low voltage pulses by a procedure described previously (Rosemberg and Korenstein, 1997) . After loading, which was revealed by fluorescence microscopy, the RBCs were treated with 0.0075% saponin in PBS, followed by a wash with KCl solution. This resulted in the loss of fluorescence demonstrating that the RBC ghosts are leaky for molecules of Յ 500 kD.
RBC Triton X-100 shells (skeletons) were prepared by perfusing RBCs attached to a coverglass (0.1% hematocrit) by PBS containing 0.0075% saponin. The produced RBC ghosts were further perfused with 0.04% of Triton X-100 in a KCl solution (400 mg Triton X-100 per 1 ml of packed RBC ghosts). Finally the skeletons were washed further with additional volumes of KCl solution. The skeletons maintained a similar size and shape (see Fig. 7 ) to that of RBC saponin ghosts for ‫ف‬ 20-30 min, before major shrinkage of the skeleton took place. This irreversible shrinkage of the skeleton could be detected either by dark field microscopy or by the time-independent increase in light scattering from the skeleton.
Measurements of Membrane Fluctuations by Point Dark Field Microscopy
The measurement of local mechanical fluctuations of the cell membrane is carried out on RBC, RBC ghosts and RBC skeletons using an optical method based on Point Dark Field Microscopy (Krol et al., 1990; Levin and Korenstein, 1991) . We illuminate a small area (0.25-1 m 2 ) at the edge of cells attached to a cover glass and record cell membrane displacements by monitoring the time-dependent changes of light reflection and scattering, using the experimental set-up shown in Fig. 1 A . The fluctuation of the light intensity depends on the changes in the membrane area moving in and out of the focused light spot near the cell's edge (Fig. 1 B ) . The time-dependent changes of the scattered light intensity ( ⌬ I) are normalized via division by the time-independent scattered light (I). The analysis of the time series of scattered light intensity is carried out in terms of normalized maximal amplitude of the scattered light intensity ( ⌬ I max /I)%. The sensitivity of the experimental set-up was ‫ف‬ 1%. All measurements are carried out at 25 Њ -28 Њ C. The measurements of fluctuation amplitudes are taken over a long time period, Յ 90 min, under steady-state conditions (constant maximum levels of fluctuation). The variation coefficient (SD/ mean) of maximal CMF amplitudes measured in control RBC populations of 20-40 cells from a single donor was ‫ف‬ 10%, whereas the variation coefficient of CMF measured in RBCs from 10 donors was elevated to 15-20%.
Fast Fourier Transformation of fluctuation traces, of Յ 10 repeated measurements, was carried out for light scattering measurements at the cell's edge. Power spectra of repetitive measurements was averaged both over time and frequency range. The calculation of the standard deviation of the squared amplitude of the time-dependent fluctuation at each frequency enables us to evaluate the stationary characteristic of the power spectra. Control experiments carried out after exposure of RBCs to PBS solution containing 0.01% glutaraldehyde, a cross-linking agent, resulted in complete abolishment of CMF.
An additional, quantitative, examination of CMF recordings was performed using amplitude distribution analysis. The scattering from each surface area was recorded for 55 or 110 s (sampling rate of 75 points/s). These tracings were analyzed by grouping the amplitudes according to their sizes and counting the normalized frequency of appearance of each amplitude value in the recording (the relative number of events belonging to a chosen amplitude group divided by the total number of events in the recording). Further, a plot of the relative number of events versus corresponding values of fluctuations yields the amplitude histograms, which are presented in Figs. 3 and 9. All curves are bell shaped, enabling us to avoid certain problems arising when trying to estimate the power spectrum bandwidth that demands precise definition of the maximum point on the left side of the power spectrum. As the power spectrum strongly drops, the error increases. An additional complication arises in the analysis of the low frequency region of the power spectrum, which is prone to high distortion by the high-pass filter. No such problem exists when the bellshaped distribution curves are analyzed, as the commonly used characteristic of the amplitude distribution is the half-width of the distribution curve, which is related to the fluctuation energy. Thus, the half-width increases when the fluctuation energy increases.
ATP Depletion
Reversible ATP depletion in RBCs was obtained by prolonged incubation in glucose-free PBS for 24 h at 37 Њ C and for 16 h at 4 Њ C. Irreversible ATP depletion in RBCs was carried out by using several procedures: ( a ) incubation without glucose, in the presence of 6 mM iodoacetamide (a powerful inhibitor of glyceraldehyde-3-phosphate dehydrogenase) for 5 h at 37 Њ C; ( b ) incubation without glucose, in the presence of 10 mM inosine and 6 mM iodoacetamide, for 1 h at 37 Њ C; ( c ) incubation without glucose, in the presence of 10 mM inosine and 6 mM iodoacetamide, for 5 h at 37 Њ C.
The addition of glycolytic substrates, in the presence of iodoacetamide, speeds up ATP depletion because the substrate consumes ATP, whereas glycolytic ATP production is blocked (Lew and Ferreira, 1978) . To achieve an even faster ATP depletion, glucose was replaced by the more Figure 1 . Schematic diagram of the electro-optic set-up for measuring cell membrane fluctuations by Point Dark Field Microscopy (A). A polychromatic light from a halogen lamp (or a high pressure mercury lamp) (1) passed through a collector lens (2), deflected at a right angle by a rectangular prism (3), and passed through a variable rectangular slit (4) (50 ϫ 50 m up to 100 ϫ 100 m). The light emerging from the slit passed through a catadioptric microobjective (5)(ϫ100, NA 1.3), which focuses the light on an area of 0.25-1 m 2 , at the cell's edge of a RBC attached to a cover-glass (6), forming an annular light cone of 15Њ-20Њ relative to the plane of the coverglass surface of the experimental chamber (B). The scattered light is collected (at an annular angle of 3Њ-17Њ relative to the optic axis of the microobjective, perpendicular to the cover glass), by a water immersion microobjective (ϫ30, NA 0.9) (7) equipped with an iris diaphragm (8). After passing through a beamsplitter (9), one beam of the scattered light passed through an ocular (10), while the other beam was deflected by a mirror (11) through a pinhole slit (12, 13) , and then detected by a photomultiplier (14). The time-dependent photocurrent of the photomultiplier, passed via a condenser (15), amplified by a Grass 79C amplifier (16) (with high and low pass filters of 0.3 Hz and 35 Hz, respectively), interfaced to a PC via an A/D converter (20) . Since the submicron cell membrane fluctuations occur in the frequency range of 0.3-30 Hz, we used a sampling rate of 75 Hz. The time-independent light intensity of the scattered light was measured by a voltmeter (17), whereas the time-dependent component was observed by an oscilloscope (18), and measured by a recorder (19) or PC (20). efficient inosine. Thus, incubation of RBCs in the presence of 10 mM inosine and 6 mM iodoacetamide reduces the intracellular ATP to a level of 1-5 M in Ͻ 1 h of incubation at 37 Њ C (Lew and Gracia-Sancho, 1989) . The low ATP level in inosine-iodoacetamide-treated cells is maintained by rapid turnover for many hours (at ‫ف‬ 200 M/h), probably sustained by the large reserves of 2,3 diphosphoglycerate within the cells (Glynn and Lew, 1970) . ATP levels in ATP-depleted RBCs were restored by overnight preincubation at 4 Њ C in a medium containing 10 mM glucose.
Shape changes of RBC accompany both reversible and irreversible ATP depletion experiments, leading to a heterologous population of RBCs including echinocytes and stomatocytes in addition to discocytes. Thus, ATP depletion under reversible conditions (24 h at 37 Њ C in glucosefree medium) leads to a 10-20% decrease in the discocyte population. When ATP depletion was carried out under irreversible conditions it seemed that most RBCs prepared as described by procedure b , kept their biconcave discocyte shape, whereas RBCs that were prepared as described in a led to a significant number of stomatocytes. When incubation was carried out under the conditions described for procedure c the main population of cells consisted of echinocytes. To test the effect of ATP depletion on the fluctuation amplitudes, without the necessity of considering the possible effect of shape change, we measured CMF in RBCs possessing normal discoid shape only.
Heat Treatment of RBCs
Human erythrocytes were attached to the cover glass of the experimental chamber. Heat treatment was carried out by incubating RBCs in the chamber at 50 Њ C for 5 min.
Analysis of the Effect of Vanadate on Membrane-Skeleton Phosphorylation by Immunoblotting
RBCs were suspended in PBS containing 10 mM glucose, 0.8 mM Mg ϩ 2 , 1 mM Ca ϩ 2 , and 30 M vanadate (buffer A) at 4% hematocrit, and incubated for 15 min in PBS at 37 Њ C. Next, RBC ghosts were prepared by hemolyzing the cells in 5 mM sodium phosphate buffer, pH 8, containing 1 mM EDTA, 0.1 mM PMSF, in the presence and absence of 30 mM vanadate. The ghosts were washed with the same buffer, then further washed with 5 mM NaCl, and 0.1 mM PMSF, in the presence of 30 M vanadate to obtain hemoglobin-free ghosts. For the identification of the phosphorylated membrane-skeleton proteins, aliqouts were solubilized, and boiled for 2 min in Laemmli's SDS sample buffer.
Proteins of the solubilized RBC ghosts were resolved by 7.5% SDS/ PAGE, followed by transfer to nitrocellulose membranes and immunoblotting analysis as previously described (Zipser and Kosower, 1996) . For the analysis of phosphotyrosine, the nitrocellulose membranes were blocked in TTBS solution (20 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween-20, containing 3% BSA and 0.05% NaN 3 ), and then incubated for 1 h with an anti-phosphotyrosine mAb (BioMakor, Rehovot, Israel) diluted 1:2,000. After washing with TTBS containing 2% lowfat dried milk and 0.2% BSA, the membranes were incubated for 45 min with sheep anti-mouse peroxidase-conjugated antibodies (Amersham Corp., Arlington Heights, IL), washed in TTBS, and then analyzed using the ECL detection system (Amersham Corp.). A similar procedure was carried out for the analysis of phosphoserine proteins by using polyclonal anti-phosphoserine (Zymed Laboratories, Inc., South San Francisco, CA). The antibody was diluted 1:1,000 and goat anti-rabbit peroxidase-conjugated antibodies were used as secondary antibodies.
Direct phosphorylation of RBC ghosts (100 g) was carried out in TrisKCl buffer (5 mM Tris, pH 7.4, 5 mM KCl) containing 1 mM MgATP in the presence or absence of 10 M vanadate. After preincubation for 10 min at 4 Њ C, 150 mM KCl solution was added and the ghosts were incubated for 15 more min at 37 Њ C. The phosphorylation was terminated upon addition of Laemmli's SDS sample buffer and analyzed by immunoblotting.
Exposure of RBC Ghosts to Phalloidin, DNase I and Cytochalasins (B and D)
The effects of phalloidin, in the concentration range of 0.44-50 M, or 0.16 M deoxyribonuclease I (DNase I) on CMF were studied in RBC ghosts. The CMF level of RBC ghosts was elevated upon perfusion with KCl solution containing 1 mM MgATP. After this elevation the RBC ghosts were perfused and incubated for 20 min at room temperature, in the presence of KCl solution containing 1 mM MgATP and the appropriate amounts of phalloidin or DNase I. An alternative approach for studying the effects of phalloidin or DNase I was to preincubate RBC ghosts with KCl solution containing either phalloidin or DNase I, followed by a perfusion of a KCl solution to which 1 mM MgATP was added. The effect of dihydrocytochalasin B and cytochalasin D on CMF was examined by incubating RBCs with these agents. RBCs were exposed to 2 M and 4 M dihydrocytochalasin B in PBS for 24 h at room temperature and for 30 min at 37 Њ C, respectively. RBCs were exposed to 20 M cytochalasin D for 2 h at room temperature.
To examine the spatial distribution of actin in RBC ghosts we used fluorescently labeled phalloidin-rhodamine and DNase I-FITC. The labeling was carried out on RBC ghosts adhered to the cover-glass, prepared by the procedure described above. The RBC ghosts were preincubated for 10 min with KCl solution containing 1 mM MgATP. After this incubation period, they were washed and incubated for 20 min at 4 Њ C with KCl solution containing 1 mM MgATP, in the presence of 0.5% glutaraldehyde or in its absence. The RBC ghosts were washed twice with a KCl solution, and then incubated with 4.4 M phalloidin-rhodamine (Molecular Probes, Inc., Eugene, OR) alone or with a combination of 4.4 M phalloidinrhodamine and 35 nM DNase I-FITC (Molecular Probes, Inc.). The incubation with the fluorescent probes was carried out for 20 min followed by an extensive fivefold slow wash of the RBC ghosts with a KCl solution.
The spatial distribution of the fluorescent probes was analyzed via a threedimensional optical sectioning using a confocal inverted laser scanning microscope (LSM 410; Carl Zeiss Inc., Thornwood, NY). The three-dimensional analysis shows that non-resealed RBC ghosts possessed dimensions similar to those of intact adhered RBCs, but have a flat rather than a biconcave shape.
Results

Effect of ATP Depletion from RBCs on Cell Membrane Fluctuations
Reversible and irreversible depletion of ATP were carried 1554 out by depriving RBCs from a glycolysis substrate or by exposure to glycolytic inhibition. Reversible ATP depletion was obtained by prolonged incubation of RBCs for 24 h at 37ЊC in a glucose-free PBS. This resulted in an ‫%04ف‬ decrease of the maximal fluctuation amplitude ( Fig. 2 ; Table I). However, when carrying out the same depletion procedure for 16 h at 4ЊC, the CMF amplitude declined by only 30%. In both cases, the examination of the storage effect per se on CMF level has shown that the CMF amplitude of 16.5 Ϯ 3% (n ϭ 122, three donors) (mean Ϯ SD where n is the number of measured RBCs) in freshly prepared RBCs was only marginally attenuated upon the long preincubation in the presence of glucose at either 37Њ or 4ЊC.
To examine whether the effect of ATP depletion on CMF is reversible, ATP levels in ATP-depleted RBCs were restored, by overnight preincubation at 4ЊC in a medium containing 10 mM glucose. After the repletion of intracellular ATP, the level of CMF was restored, resulting in a level comparable to that in control RBCs. Irreversible depletion of intracellular ATP, by the three different procedures, was accompanied by an ‫%05ف‬ decrease of the maximal amplitude of CMF (Table I ) and reduction in the half-width of the amplitude distribution histogram of CMF (Fig. 3 a) from a value of 10.3 Ϯ 0.32% (n ϭ 27) to 7.6 Ϯ 0.2% (n ϭ 31).
The effect of ATP depletion of RBCs on the dynamic behavior of CMF has been characterized by the power spectra analysis of CMF. The power spectra of CMF of control and ATP-depleted RBCs are shown in Fig. 4 a. The power spectrum of ATP-repleted RBCs was not statistically different from that of control RBCs (Fig. 4 a) . However, both spectra show a clear difference from the power spectra of ATP-depleted RBCs in the frequency range of 0.3-0.7 Hz.
Effect of MgATP on Membrane Fluctuations of RBC Ghosts
The direct effect of MgATP on fluctuations of the membrane-skeleton complex was examined in studies where RBC ghosts, prepared by saponin treatment, were perfused with different concentrations of MgATP. The dependence of CMF of RBC ghosts on MgATP is shown in Fig. 5 .
Perfusing RBC ghosts, prepared by saponin treatment of RBCs, with a KCl solution devoid of MgATP, reveals a basal CMF level that is half that in intact RBCs. To eliminate the possibility that these fluctuations may be attributed to a residual ATP that is weakly associated with the membrane-skeleton, the RBC ghosts were preincubated with hexokinase, an ATP trap. No change in the level of CMF was observed after the incubation of the RBC ghosts with 1 mM hexokinase for Յ60 min. Perfusion of RBC ghosts with increasing concentration of MgATP, increased CMF in a dose-dependent manner (Fig. 5) . This build-up of membrane fluctuations increased in the range of 0.1-0.5 Control RBC 16.5 Ϯ 3 (n ϭ 122) RBC without glucose (after 24 h at 37°C)* 9.7 Ϯ 0.7 (n ϭ 26) RBC with glucose (after 24 h at 37°C) 15.8 Ϯ 1.3 (n ϭ 18) RBC without glucose (after 16 h at 4°C)* 10.4 Ϯ 2 (n ϭ 91) RBC with glucose (after 16 h at 4°C) 14.9 Ϯ 2 (n ϭ 59) RBC with glucose (32 h at 4°C) 14.1 Ϯ 2.7 (n ϭ 17) RBC with glucose (32 h at 4°C), 14.7 Ϯ 2.3 (n ϭ 27) after 16 h at 4°C without glucose* RBC without glucose ϩ iodoacetamide (IAA) 9.9 Ϯ 1.4 (n ϭ 59) (after 5 h at 37°C) ‡ RBC without glucose ϩ IAA ϩ inosine ‡ 10.1 Ϯ 1 (n ϭ 134) (after 1 h at 37°C) RBC without glucose ϩ IAA ϩ inosine ‡ 8.8 Ϯ 1.2 (n ϭ 17) (after 5 h in 37°C) (⌬I/I)% values are expressed as mean Ϯ SD for n examined cells. *Reversible ATP depletion.
‡ Irreversible ATP depletion. The data analysis procedure, to obtain an amplitude histogram, starts by dividing the whole recorded trace into a number of segments of equal size, where the number of data points within each segment was normalized to the total number of events. Derived probabilities were tabulated and a graph of probabilities was plotted versus values of the grouped data points forming a frequency polygon (an amplitude distribution).
mM MgATP and leveled off at the physiological concentration range of 1-2 mM MgATP, reaching the maximal amplitude level exhibited by intact RBCs. The half-width of amplitude distribution histogram of CMF increased from 4.1 Ϯ 0.3% (n ϭ 19), in the absence of MgATP, to 9.1 Ϯ 0.8% (n ϭ 21) in the presence of 1 mM MgATP (Fig.  3 b) . The effect of MgATP on CMF was reversible, since perfusion of RBC ghost with a KCl solution, after being exposed to MgATP, brought about a decrease of CMF back to its basal level. However, the exposure of the RBC ghosts to a high, non-physiological, concentration of 10 mM MgATP resulted in an irreversible 80% decrease of the maximal amplitude of CMF (data not shown).
The power spectra of CMF in RBC ghosts, in the absence and presence of 1 mM MgATP are given in Fig. 4 b. Statistically significant changes between the two spectra are observed in the frequency range of 0.3-5 Hz.
Effect of ATP Analogues on Membrane Fluctuations in RBC Ghosts
To study the mechanism by which MgATP affects CMF, we compared the effect of MgATP to that of non-hydrolyzable ATP analogues. This enables us to differentiate between the MgATP binding and the hydrolysis-phosphorylation steps. The basal level of CMF in RBC ghosts was 6.6 Ϯ 0.7% (n ϭ 18). Perfusion with MgAMP-PNP had no effect on this level yielding 7.3 Ϯ 3.2% (n ϭ 32) and 6.7 Ϯ 2.5% (n ϭ 13) in the presence of 1 mM and 2 mM MgAMP-PNP, respectively. Similarly, MgATP␥S had no effect on CMF level yielding 5.8 Ϯ 1.2% (n ϭ 28) in the presence of 0.5 mM MgATP␥S.
Whereas MgAMP-PNP alone had no effect on CMF levels, it caused an attenuation of MgATP-stimulated fluctuation as a function of MgAMP-PNP (Fig. 6) . Concentrations of 3-4 mM of AMP-PNP were shown to completely abolish the stimulatory effect of 0.5 mM MgATP (Fig. 6) . At lower MgATP concentration (0.25 mM) the stimulatory effect was already abolished by 2 mM AMP-PNP. MgATP␥S similarly inhibited CMF, but it did so at smaller concentrations. Thus, the CMF level of 10.4 Ϯ 0.7% (n ϭ 19), in the presence of 0.5 mM MgATP, was attenuated to a level of 8.6 Ϯ 1.3% (n ϭ 18) and 6.2 Ϯ 1.2% (n ϭ 29) upon addition of 0.25 mM and 0.5 mM of MgATP␥S, respectively.
ATP analogues, MgGTP, and MgITP, were ineffective for elevating CMF levels. CMF levels of 6.7 Ϯ 2.0% (n ϭ 58) and 6.3 Ϯ 1.7% (n ϭ 37) were measured in the presence of 1 mM and 2 mM of MgGTP, respectively. Incubation with 1 mM and 2 mM MgITP yielded CMF levels of 5.7 Ϯ 1.3% (n ϭ 26) and 6.3 Ϯ 1.7% (n ϭ 37), respectively.
Effect of MgATP on Skeleton Fluctuations in Triton X-100 Shells of RBCs
The stimulatory effect of MgATP on CMF levels in RBC ghosts can be mediated either through its direct effect on plasma membrane components or by affecting the underlying protein network of the RBC's skeleton. To discriminate between these two possibilities we examined CMF in Triton X-100 shells of RBCs, which are composed of the skeleton network, devoid of the plasma membrane. Perfusion of Triton X-100 shells with a buffered KCl solution resulted in a low basal level of fluctuation, which is less than half its value in intact RBCs (Figs. 5 and 7) . Perfusion with increasing concentrations of MgATP restored the fluctuation amplitude to a level similar to that measured in intact RBCs (Figs. 5 and 7) . However, this restoration of fluctuation was only a transient one and vanished together with an irreversible shrinkage of the skeleton shell 30 min after solubilization by Triton X-100 of the bilayer in the RBC ghost. Within this time window, the skeleton's fluctuations increased, in the presence of 0.1-1 mM MgATP, to the same CMF levels observed either in RBC ghosts, in the presence of 1 mM MgATP, or in intact RBCs. Again, the stimulatory effect of MgATP on CMF was reversible. Perfusion of skeleton shells with a KCl solution, after exposure to MgATP, caused the decline of CMF to the basal level.
Short heat treatment of the intact RBC, under conditions known to induce dissociation and denaturation of the skeleton from the membrane (Vertessy and Steck, 1989) led to a drop of CMF from a level of 14.8 Ϯ 6.4% (n ϭ 10) down to 5 Ϯ 4.9% (n ϭ 37) (P Ͻ 0.01). The heat treatment was not accompanied by any significant shape change of RBCs.
Effect of Vanadate on MgATP-induced CMFs and on Phosphorylation of the Membrane-Skeleton
Vanadate is a known inhibitor of ATPases and phosphatases in cells, presumably because it adopts a stable structure that resembles the transition state of phosphate (Beauge and Glynn, 1978) . The CMF level of 14.6 Ϯ 1.3% (n ϭ 32) in intact RBCs decreased to a level of 10.6 Ϯ 1% (n ϭ 22) after 15 min preincubation with 30 M vanadate. Preincubation in the presence of higher vanadate concentrations of 0.1 mM and 1 mM did not result in additional decrease of CMF, yielding levels of 11.3 Ϯ 1.2% (n ϭ 14) and 11.2 Ϯ 2 % (n ϭ 9), respectively.
Vanadate also exerted its inhibitory effect on MgATPinduced CMF in RBC ghosts. Perfusion of RBC ghosts with 1 mM MgATP resulted in a high CMF level of 11.7 Ϯ 1.4% (n ϭ 22). However, in the presence of 10 M vanadate the stimulatory effect of MgATP was completely lost, leading to a low CMF level of 5.7 Ϯ 1.2% (n ϭ 21). Further increase of vanadate concentration to 0.1 mM and 1 mM did not result in any further changes of CMF, as reflected by CMF levels of 5.9 Ϯ 1.3% (n ϭ 25) and 6.1 Ϯ 1.6% (n ϭ 12), respectively. It should be noticed that whereas in the intact RBC the vanadate caused a ‫%03ف‬ decline, the CMF level in RBC ghosts exposed to 1 mM MgATP decreased by 50% in the presence of vanadate. Immunoblot analysis of the basal level of phosphotyrosine in the membrane-skeleton of intact RBCs failed to detect phosphorylated tyrosine. However, 15 min preincubation of RBCs with 30 M vanadate, resulted in the formation of a moderate level of phosphotyrosine associated with band 3. Similar exposure of RBC ghosts to 1 mM MgATP, in the presence of 10 M vanadate resulted in very strong phosphorylation of tyrosine on band 3. However, no phosphorylation was obtained in the absence of vanadate. Similar analysis of phosphoserine in intact RBCs and RBC ghosts showed a significant basal level of phosphorylation although no change in the phosphorylation level was observed in the presence of vanadate.
Effect of Phalloidin, DNase I, and Cytochalasins on MgATP-induced CMFs
Phalloidin, is known to specifically and tightly bind to F-actin (De La Cruz and Pollard, 1994) . Since phalloidin was also found to inhibit actin's ATPase in the membrane-skeleton of human erythrocytes (Sato et al., 1986) , we examined its effects on CMF. The basal level of CMF in RBC ghosts was 6.3 Ϯ 1.3% (n ϭ 16). Preincubation of RBC ghosts with 5 M phalloidin did not affect the level of CMF (6.2 Ϯ 1.8%; n ϭ 25). However, perfusion of 1 mM MgATP-treated RBC ghosts with phalloidin, was found to inhibit the MgATP-dependent CMF in a concentrationdependent manner (Fig. 8) . The elevation of CMF to 13.5 Ϯ 2.2% (n ϭ 55) in RBC ghosts by 1 mM MgATP was unaffected by preincubation with phalloidin in the concentration range of 0.44-1 M. However, at phalloidin concentrations of 1.5-4 M, CMF amplitudes were gradually diminished, down to the basal level of 6.2 Ϯ 0.8% (n ϭ 29) (Fig. 8) . Similar experiments with DNase I, in the presence of 1 mM MgATP, show that the CMF level of 16 Ϯ 1% (n ϭ 21), drop to a level of 6 Ϯ 0.8% (n ϭ 35) after 15 min preincubation with 0.16 M DNase I. The half-width of amplitude distribution in CMF of ghosts, in the presence of 4.4 M phalloidin or 0.16 M DNase I decreased from 9% to 6%, and 3%, respectively (Fig. 9) . The three-dimensional sectioning of RBC ghost population, labeled with phalloidin-rhodamine (Fig. 10 A) or DNase I-FITC in the presence of phalloidin-rhodamine (Fig. 10 B) , shows similar dimensions to those of intact RBCs (‫-8ف‬m diam and ‫-5.1ف‬m thick). The labeling of F-actin by phalloidinrhodamine seems to be spread all over the membraneskeleton, revealing phalloidin-rhodamine patches rather than uniform distribution. This pattern was observed both in fixed and non-fixed RBC ghosts. The binding of phalloidin-rhodamine and DNase I-FITC to the same RBC ghosts is shown in Fig. 10 B. This figure shows that the prelabeling of the RBC's F-actin with phalloidin-rhodamine (4.4 M) did not inhibit the binding of DNase I-FITC (35 nM) to the F-actin. Again, non-homogeneous distribution appears to be a property possessed not only by phalloidin-rhodamine but also by DNase I-FITC (Fig. 10 B, inset) . Moreover, we observe (Fig. 10 B, inset) the occurrence of three labeled subpopulations: sites that bind solely phalloidin-rhodamine (red) or DNase I-FITC (green), as well as sites that bind both (yellow).
The level of CMF of 15 Ϯ 2.1% (n ϭ 18) in intact RBCs was not affected by exposure of RBCs to 2 M dihydrocytochalasin B for 24 h at room temperature (14.2 Ϯ 1.9%; n ϭ 23) or to 4 M dihydrocytochalasin B for 30 min (14.4 Ϯ 1.6%; n ϭ 7). However, exposure of RBCs to 20 M cytochalasin D for 2 h resulted in a minor statistically significant (P ϭ 0.004) increase in CMF from 14.9 Ϯ 2.9% (n ϭ 119) to 16.9 Ϯ 3.9% (mean Ϯ SEM) (n ϭ 119).
Discussion
ATP depletion in intact RBCs, after prolonged incubation (24 h) without the glycolysis physiological substrate, leads to reduction in the amplitude characteristics of CMF. Thus, we observe a 26% decrease of the half-width of amplitude distribution and a 40% decrease of the maximal CMF level in ATP-depleted discoid RBCs, as compared with RBCs stored under identical conditions but in the presence of glucose. This decrease of the maximal CMF level is two-to fourfold larger than the variation coefficient of CMF in control RBCs. It should be pointed out that there exists a three-to fivefold time-delay between the process of ATP depletion and the actual shape change of RBCs (Ferrell and Huestis, 1984; Backman, 1986) . In this case, RBC crenated after 5-7 h following 95% of ATP depletion (Ferrel and Huestis, 1984) . To avoid "aging" processes, resulting from the long incubation time needed to decrease intracellular ATP, we used fast procedures for ATP depletion based on the use of glycolysis inhibitors. The shorter and more drastic depletion procedure, based on the incubation of RBCs in the presence of iodoacetamide and inosine, resulted in a 50% drop in the maximal fluctuation amplitude. Therefore, it may be suggested that the excessive attenuation of CMF in ATP-depleted RBCs is independent of the depletion procedure.
To resolve whether the MgATP binding sites are associated with a cytosolic component(s) or with the membrane-skeleton, we investigated the MgATP effects in RBC ghosts. The observation that perfusion of open RBC ghosts with MgATP alone leads to reversible reconstitution of membrane-skeleton mechanical fluctuations to their level in the intact RBC implies that MgATP exerts its effect directly on the membrane-skeleton complex rather than transducing it via a cytosolic component. The relative contributions of the plasma membrane and the underlying skeleton to CMF emerges from studying CMF in skeleton shells. Incubation of skeleton shells with MgATP resulted in the elevation of CMF, as a function of MgATP concentration, up to their levels in intact RBCs. These findings show that MgATP-dependent mechanical displacements of the skeleton are responsible for CMF. This is further supported by our observation that exposing RBCs and RBC ghosts to conditions known to cause dissociation and denaturation of the membrane-skeleton, either by short heat treatment of RBCs (Vertessy and Steck, 1989) or by incubating RBC ghosts with high concentrations (8-25 mM) of ATP (Sheetz and Casaly, 1980) leading to drastic irreversible attenuation in CMF levels (data not shown). It should be pointed out that MgATP-dependent CMF of skeleton shells are maintained in the absence of 95% of the bilayer's phospholipids extracted by Triton X-100 (Sheetz, 1979) . This suggests that MgATP-stimulated fluctuations are independent of the lipid bilayer.
The specificity of the MgATP effect was tested by using other nucleotides such as MgGTP or MgITP. These two nucleotides, within the concentration range examined, had no effect on CMF, suggesting that the stimulation sites are specific for MgATP. The ability to differentiate between the effect of MgATP binding and the possible consequent hydrolysis-phosphorylation processes was examined by using non-hydrolyzable ATP analogues. The fact that CMF are not affected by non-hydrolyzable analogues of ATP, such as AMP-PNP and ATP␥S (which actually possesses an extremely low rate of hydrolysis), implies that the cleavage of the ␥-phosphate bond is necessary for the stimulatory effect to occur. This is supported by the observed inhibition of the stimulatory effect of MgATP in the presence of MgAMP-PNP or MgATP␥S, resulting from competition for the binding sites on the membraneskeleton. The higher inhibitory effect of ATP␥S, as compared with that of AMP-PNP, may be attributed to the higher affinity of ATP␥S to the nucleotide-binding site, similarly to the data obtained for the ATPase of the molecular chaperone Dnak (Theyssen et al., 1996) .
MgATP may exert its stimulatory effect on CMF via membrane-skeleton-associated ATPase and/or changing the phosphorylation state of the membrane-skeleton by the kinase-phosphatase system. An initial attempt to resolve this question was carried out by analyzing the effect of vanadate, an inhibitor of ATPases and phosphotyrosine phosphatase, on CMF and on membrane-skeleton phosphorylation. A major inhibition of CMF was observed after a 15-min preincubation of intact RBCs or RBC ghosts with 30 M and 10 M vanadate, respectively. Analysis of phosphorylation of the membrane-skeleton, under similar conditions, did not reveal any significant change in serine phosphorylation associated with spectrin. This finding confirms a previous study that similarly showed, using 32 P incorporation, no change in spectrin phosphorylation in the presence of vanadate (Patel and Fairbanks, 1986) . However, under similar incubation of RBCs or RBC ghosts with vanadate minor and major phosphorylation of band 3 tyrosine, respectively, were observed. It has been shown that spectrin phosphorylation by casein kinase I affects the mechanical stability of the RBC (Manno et al., 1995) . Thus, it may be speculated that tyrosine phosphorylation in the cytoplasmic domain of band 3 may increase the rigidity of the membrane-skeleton, leading to the attenuation of CMF. Nevertheless, it is possible that phosphorylation leads to a minor inhibitory effect of vanadate on CMF, whereas the major effect is elicited via the inhibition of skeleton's ATPase. Indeed, the ability to associate the MgATP stimulatory binding sites with ATPase activity sites is in agreement with a previous finding that showed that 10 M vanadate caused a 35% inhibition of ATPase activity in normal and salt-extracted RBC ghosts (Patel and Fairbanks, 1986) .
If one assumes direct proportionality between MgATP binding to its stimulatory sites and the increase in fluctuation amplitude, it is possible to estimate the order of the equilibrium constant for this activation process. By doing so, we obtain an apparent dissociation constant, K d (calculated from the EC 50 ) of 0.29 mM. This value is close to the K d of 0.4 mM obtained for the low affinity Mg ϩ2 -dependent ATPase activity in RBC ghosts (Morris et al., 1993) . ATPase activity was shown to be associated with the skeleton and particularly with the spectrin-actin-protein 4.1 complex (Sato et al., 1986; Morris et al., 1993) . Both spectrin and protein 4.1 were found to be devoid of ATPase activity, leaving actin as the main candidate to possess ATPase activity (Sato et al., 1986) . The identification of the skeleton's ATPase activity with that of actin's ATPase was confirmed by experiments where 95% of this Mg ϩ2 -dependent ATPase activity was inhibited by specific actin ligands: phalloidin and DNase I (Sato et al., 1986) .
The involvement of actin's ATPase in MgATP stimulation of CMF in RBC ghosts or skeleton shells is suggested by the inhibition of MgATP-dependent CMF by phalloidin and DNase I. Phalloidin was found to abolish CMF at concentrations higher than 4 M (EC 50 of ‫2ف‬ M), which were previously shown to completely inhibit the MgATPase activity of the RBC's skeleton (Sato et al., 1986) . Based on the known binding constant of phalloidin to skeletal muscle F-actin (K d ‫7-2ف‬ nM; Huang et al., 1992; Allen et al., 1996; De La Cruz and Pollard, 1996) we can estimate that at 2 M phalloidin, 99.6% of the binding sites of F-actin are occupied by phalloidin. This suggests that both Mgdependent ATPase activity and CMF are abolished only when complete occupancy of phalloidin binding sites on F-actin is achieved. If F-actin in erythrocytes undergoes an effective depolymerization-polymerization process, phalloidin should shift the equilibrium towards F-actin. This by itself may lead to change in the mechanical properties of actin (Janmey et al., 1994) . However, the fact that phalloidin (5 M) was unable to alter the basal level of CMF in RBC ghosts, in the absence of MgATP, may suggest that the binding of phalloidin to the surface of F-actin does not alter the mechanical properties of the membrane-skeleton in the RBC. This is supported by the observation that phalloidin binding to actin did not increase the ratio of storage/loss shear moduli of ␤-actin (Allen et al., 1996) .
The specific binding of dihydrocytochalasin B or the more potent cytochalasin D to the barbed end (fast growing, positive) of F-actin had either no, or a small effect on CMF, respectively. This may suggest that the minor effect of cytochalasins can be attributed to the very low polymerization-depolymerization of RBC's F-actin Gratzer, 1983, Pinder et al., 1986) , and the accompanying ATP hydrolysis and nucleotide exchange near the barbed end (Korn et al., 1987) . Moreover, cytochalasins showed no effect on Mg-ATPase activity, even at high concentrations (Sato et al., 1986) . However, the unique association of DNase I with the pointed end of F-actin (Podolski and Steck, 1988) was found to abolish CMF of RBC ghosts at a concentration of 0.16 M, which was effective in bringing about a complete inhibition of the skeleton's MgATPase (Sato et al., 1986) . Under these conditions, the theoretical occupancy of the pointed end of erythrocyte's F-actin by DNase I should be 99% (assuming a K d of ‫2ف‬ nM; Podolski and Steck, 1988 Soc., 39th, San Francisco, CA, . Comparison of the fully inhibitory effects of phalloidin and DNase I on CMF of RBC ghosts demonstrates that DNase I reduces the half-width of the amplitude distribution 1.5-fold more than the decrease caused by phalloidin (Fig. 9 ). This may reflect that the more effective inhibition of CMF occurring via binding of DNase I to the pointed end of F-actin.
The fact that most of the ATPase activity in the membrane-skeleton of RBCs is associated with F-actin and is inhibited by DNase I (Sato et al., 1986) , together with the finding that DNase I binds to the pointed end of F-actin (Podolski and Steck, 1988) , suggests that most of F-actin's ATPase activity is located at its pointed end. Therefore, we would like to suggest that the actin's ATPase, located at the pointed end of the short (33 Ϯ 5 nm) actin filament, is responsible for the MgATP stimulation of CMF in intact RBCs, RBC ghosts, and skeleton shells. This suggestion is in agreement with previous proposals that an actin-based contractile system may be involved in the shape change of erythrocytes (Weed et al., 1969; Schrier et al., 1981) . The possible existence of such a contractile system in human erythrocytes is supported by studies that show the existence of membrane bound myosin II in human erythrocytes (Der Terrossian et al., 1994; Fowler et al., 1985; Wong et al., 1985) . This is compatible with the observation that protein 4.1 binds and modulates actin-activated MgATPase activity of myosin, when using isolated protein assays (Pasternack and Racusen, 1989) .
The non-homogenous labeling of actin, as revealed by confocal microscopy (Fig. 10) , is in agreement with the previously shown punctate pattern of actin obtained by immunofluorescent based non-confocal microscopy (Der Terrossian et al., 1994) . It may be speculated that the nonuniform labeling of actin is due to the non-homogenous distribution of actin in the membrane-skeleton. Previous studies suggest that the pointed end of F-actin in erythrocytes is capped by spectrin-4.1 complex (Pinder et al., 1984) and/or by tropomodulin (Ursitti and Fowler, 1994; Fowler, 1996) . Thus, an additional cause to the non-uniform pattern may originate from the partial capping of F-actin, where the capped actin is protected from labeling.
The dynamic characteristics of the MgATP-dependent mechanical fluctuations are revealed by the power spectrum of CMF. The analysis of the power spectra of CMF in either normal RBCs or ATP-depleted ones shows no statistically significant spike, suggesting that CMF, under either condition, are non-periodic. The power spectrum can serve to estimate the energy released in the studied CMF, whereas the energy content of the process can be estimated from the amplitude histogram of CMF. The amplitude histograms given in Fig. 3 clearly demonstrate that the fluctuation energy of the erythrocyte's membraneskeleton complex in ATP-depleted cells is smaller than in normal RBCs. Similarly, the fluctuation energy of RBC ghosts is larger in the presence of MgATP than in its absence. Moreover, the energy content in the presence of phalloidin and DNase I is similar to the one obtained in the absence of MgATP. These conclusions coincide with the qualitative information obtained from the power spectrum changes. The energy difference, both in intact RBCs and in RBC ghosts, is confined to the low frequency region of the power spectra (0.3-5 Hz). These two significant features are in accord with our hypothesis about the existence of a metabolic driving force in addition to the thermal one (Tuvia et al., 1997) . This metabolic component can be associated with a specific enzymatic reaction involving the actin-ATPase activity, which serves as an energy source for mechanical fluctuations of the membrane-skeleton. Thus, the known turnover of the actin's ATPases in the RBC of 0.01-0.02 mol Pi/mol F-actin ϫ s (Morris et al., 1993 ) may correspond to a periodic fluctuation at the low frequency range. However, if one takes into account that the illuminated area ‫52.0ف(‬ m 2 ) contains a hundred actin containing junctions with the ATPase reaction occurring at each junction independently of all others, i.e., that reactions at the different sites are not synchronized, than the overall energy input will be random, producing the aperiodic characteristics of CMF.
